Introduction
============

Homocysteine is an amino acid generated during methionine metabolism. Remethylation converts almost half of such homocysteine to methionine; folate, vitamin B~2~, and vitamin B~12~ act as enzyme cofactors during this process. The remaining homocysteine is used in cysteine synthesis via transsulfuration by the vitamin B~6~-dependent enzyme cystathionine beta synthase. Deficiencies in folate, vitamin B~12~, and vitamin B~6~ can cause hyperhomocysteinemia or homocystinuria. Homocysteine accelerates the growth of vessel smooth muscles, thereby inducing arteriosclerosis, and it has neurotoxic effects. High homocysteine levels are found in patients with neuropsychiatric diseases, such as stroke, Alzheimer's disease, epilepsy, depression, and post-traumatic stress syndrome \[[@b1-er-1-1-6-2]--[@b5-er-1-1-6-2]\].

Hyperhomocysteinemia causes neurodegeneration by means of several mechanisms, such as over-stimulation of N-methyl-D-aspartate (NMDA) receptors \[[@b6-er-1-1-6-2]\] and auto-oxidation of homocysteine, which leads to the formation of superoxide and hydrogen peroxide \[[@b7-er-1-1-6-2]\]. Moreover, homocysteine potentiates glutamate and β-amyloid neurotoxicity \[[@b8-er-1-1-6-2],[@b9-er-1-1-6-2]\] and inhibits the expression of antioxidant enzymes \[[@b10-er-1-1-6-2]\]. Hyperhomocysteinemia induces apoptotic processes in the hippocampus via a mitochondria-mediated pathway \[[@b11-er-1-1-6-2]\]. These findings suggest that homocystinuric patients' neuronal cell death and convulsions may be due to the excitotoxicity and oxidative stress from high homocysteine concentrations \[[@b12-er-1-1-6-2]\]. Oxidative stress contributes to the pathogenesis of neurodegenerative disorders, dementia, and epilepsy \[[@b13-er-1-1-6-2]\]. The accumulation of homocysteine can induce pro-inflammatory reactions \[[@b14-er-1-1-6-2],[@b15-er-1-1-6-2]\]. Homocysteine can increase tumor necrosis factor-alpha (TNF-α) expression, which in turn upregulates nicotinamide adenine dinucleotide phosphate (NADPH) oxidase and inducible nitric oxide synthase \[[@b16-er-1-1-6-2]\]. Multiple studies have demonstrated the close link between inflammation and oxidative stress.

The water-soluble antioxidant ascorbic acid (vitamin C) protects biological macromolecules by scavenging reactive oxygen and nitrogen species \[[@b17-er-1-1-6-2]\]. Vitamin C, an exogenous antioxidant, inhibits neuronal damage from lipid peroxidation \[[@b18-er-1-1-6-2]--[@b20-er-1-1-6-2]\] and removes free radicals that form from homocysteine, mainly during hyperhomocysteinemia \[[@b21-er-1-1-6-2]\]. Vitamin C is an effective antioxidant and protects against homocysteine-induced oxidative stress \[[@b22-er-1-1-6-2]\].

How homocysteine triggers an inflammatory response is unknown. To evaluate whether cytokines mediate the inflammatory effects of elevated homocysteine levels, we evaluated acute homocysteine administration's effect on inflammatory cytokine TNF-α expression and neuronal apoptosis in the rat hippocampus. In addition, we investigated vitamin C treatment's effects on homocysteine-induced inflammation and neuronal death.

Methods
=======

1.. Materials
-------------

Subjects were three-week-old, male Sprague-Dawley rats, weighing 72--85 g and housed at a constant 22°C, 50% relative humidity, and 12-hr light/dark cycle. Each cage contained 5 or 6 rats and provided them free access to standard pelleted food and tap water. The acclimatization period was 7 days.

2.. Methods
-----------

### 1). Experimental treatments

At the start of the experiment, we randomly divided 32 rats into 3 groups. For the first group, the controls (10 rats), we administered 1 week's pretreatment with daily intraperitoneal 0.9% NaCl. The second group (11 rats) received the same pretreatment, for 1 week, followed by 1 intraperitoneal injection of DL-homocysteine (11 mmol of homocysteine/kg body weight; Sigma-Aldrich Co., St. Louis, MO, USA). For the third group (11 rats), we administered 1 week's pretreatment with daily intraperitoneal L-ascorbic acid (100 mg/kg; Sigma-Aldrich Co., St. Louis, MO, USA), followed by 1 intraperitoneal injection of homocysteine (11 mmol/kg). Two hours after each rat's final injection of homocysteine or saline, we sacrificed the rat.

### 2). Behavioral recordings

For 90 min after the final homocysteine administration, we observed and recorded the rats' behaviors, specifically noting the occurrence of convulsive behaviors. We assessed this by noting the incidence of motor seizures, determining seizure severity via the rating scale of Stanojlovic *et al*. \[[@b23-er-1-1-6-2]\], which defines grades as follows: 1, head nodding, lower jaw twitching; 2, myoclonic body jerks, bilateral forelimb clonus with full rearing; 3, progression to generalized clonic convulsions followed by tonic extension of fore- and hind-limbs and tail; and 4, prolonged severe tonic-clonic convulsions lasting over 10 seconds or frequent repeated episodes of clonic convulsions for over 5 minutes. In addition, we recorded the latency to seizure, defined as the time from the homocysteine injection to the first seizure response.

### 3). Tissue histology

Brains were fixed in 10% formalin for 24 hours and dissected through the coronal plane bregma, −3.5 mm to −3.0 mm. We embedded the blocks in paraffin, cut them to 5-μm thickness using a microtome, mounted them on poly-L-lysine-treated slides, and air-dried them on a 60°C heat plate overnight. Sections were then stained with hematoxylin and eosin.

### 4). Tumor necrosis factor-alpha (TNF-α) immunohistochemistry

To perform the TNF-α immunohistochemical staining, we used an automated staining system (Bond-Max, Leica Biosystems, Newcastle upon Tyne, UK), following the manufacturer's protocols. The 5-μm-thick sections were mounted on positively charged slides, deparaffinized in xylene for 10 minutes, and rehydrated by means of graded ethyl alcohol solutions. Antigen retrieval was performed at 750 W for 45 minutes (3 × 15 minutes) in citrate buffer (pH 6.0). Then, we transferred the sections to the Leica Bond-Max IHC staining system, using TNF-α antibody (polyclonal, Abbiotec, San Diego, CA, USA) as the primary antibody, at a 1:80 dilution. We determined the degree of TNF-α immunohistochemical staining as the percentage of positively-stained cells.

### 5). Terminal deoxynucleotidyl transferase-mediated uridine 5′-triphosphate-biotin nick end labeling (TUNEL) histochemistry

Apoptosis and DNA fragmentation were detected in tissue sections using a TUNEL assay. The paraffin-embedded sections were deparaffinized, and then 3′-OH terminal DNA fragments were labeled, using a DNA Fragmentation Detection kit (Calbiochem, California, CA, USA). Preparations were digested in a 5 μg/mL solution of proteinase K, for 20 minutes at room temperature. To block endogenous peroxidase activity, we incubated the slides for 10 minutes with 2.0% hydrogen peroxidase in phosphate-buffered saline and then applied equilibration buffer directly to the slide for 30 minutes. Next, we incorporated digoxigenin-deoxyuridine triphosphate and working-strength terminal deoxynucleotidyl transferase in a humidified chamber at 37°C for 90 minutes, stopping the reaction with a 10-minute incubation in Stop/Wash buffer. Then we added the anti-digoxigenin-peroxidase conjugate and incubated the tissue sections in a humidified chamber for 20 minutes at room temperature. The staining was developed using diaminobenzidine 50 mg in 10 μL of 0.05 mol/L Tris buffer (pH 7.6) and 20 μL of 3% hydrogen peroxide, for 5 minutes. Finally, the preparations were counterstained with hematoxylin. We established 5 tissue groups according to the relative TUNEL staining intensity, i.e., the percentage of positive neurons, as follows: 0, none; +1, less than 25% positive neurons; +2, 26--50% positive neurons; +3, 51--75% positive neurons; +4, more than 75% positive neurons.8

3.. Statistical analysis
------------------------

Results were analyzed by comparing the degree of TNF-α expression and apoptosis in the CA1, CA2, CA3, and CA4 regions of the hippocampus between the two experimental groups and the control group. Statistical analyses were conducted using SPSS (version 12.0). We employed t-tests to evaluate the significance of the differences between experimental and control groups regarding TNF-α expression and degrees of apoptosis. A *p*-value \< 0.05 was considered statistically significant.

Results
=======

1.. Homocysteine-induced behaviors and seizure patterns
-------------------------------------------------------

Each rat crouched and stopped moving for several minutes after its homocysteine injection. The rats then performed motions such as face-washing, smelling, dragging their legs when walking, and chewing. Most animals exhibited convulsions. Seizure patterns usually began with bending the head and neck backward, accompanied by the clonus of both forelimbs. Usually, the animal fell to either side following clonus. Then, motor seizure intensity increased, accompanied by wild running locomotion; subsequently, the animal would fall to either side, with clonic movements of all extremities. This phase was usually followed by tonic extension of the forelimbs and tonic flexion of the hindlimbs. Between the convulsions, the animal would experience akinesia. In the experimental groups, 91.7%, 87.5%, 37.5%, and 8.3% of the rats experienced the 1st, 2nd, 3rd, and 4th stages of convulsion, respectively. We observed no seizure behaviors in the control group.

2.. Expression of TNF-α in the rat hippocampus
----------------------------------------------

Acute homocysteine administration induced strong TNF-α expression in all regions of the rat hippocampus ([Figure 1](#f1-er-1-1-6-2){ref-type="fig"}). In the saline-pretreated homocysteine group, the percentages of positively stained cells in each part of the hippocampus were as follows: 92.9 ± 2.9% in CA1, 89.6 ± 9.1% in CA2, 85.6 ± 6.1 in CA3, and 93.8 ± 2.1% in CA4. In the vitamin C-pretreated homocysteine group, the percentages of positively stained cells were 87.5 ± 3.4% in CA1, 90.4 ± 1.5% in CA2, 87.2 ± 6.3% in CA3, and 90.4 ± 4.0% in CA4. When compared to the saline-pretreated homocysteine group, the vitamin C-pretreated group showed significantly reduced TNF-α expression in the CA1 region (*p* \< 0.001; [Table 1](#t1-er-1-1-6-2){ref-type="table"}). We found no TNF-α expression in the hippocampi of control group rats.

3.. Homocysteine-induced hippocampal neural apoptosis
-----------------------------------------------------

Acute homocysteine administration did not induce apoptosis in any hippocampal regions of the control or the experimental groups ([Figure 2](#f2-er-1-1-6-2){ref-type="fig"}).

Discussion
==========

We found an increased TNF-α expression in all hippocampal regions after acute homocysteine administration. However, we observed no apoptosis in the hippocampi. Vitamin C had some protective effect against the inflammatory reactions from homocysteine in the CA1 region of the hippocampus.

Folate, vitamin B12, or vitamin B6 deficiencies can cause hyperhomocysteinemia. Auto-oxidation of homocysteine forms homocysteine, mixed disulfides, and homocysteine thiolactone as well as active oxygen groups, including the superoxide anion, hydrogen peroxide, hydroxyl radicals, and thiol free radicals. Oxidative stress causes epileptic seizures by damaging brain nerve cells. Homocysteine has an accelerating effect on the N-methyl-D-aspartate (NMDA) receptor's glutamate fusion site and an antagonist effect on the N-methyl-D-aspartate (NMDA) receptor's glycine fusion site. Increased serum homocysteine levels occur in many neuropsychiatric diseases, such as stroke, Alzheimer's disease, epilepsy, depressive disorders, and posttraumatic stress disorder \[[@b1-er-1-1-6-2]--[@b3-er-1-1-6-2],[@b5-er-1-1-6-2]\]. Homocysteine is a potent neurotoxic factor involved in neurodegenerative disorders \[[@b24-er-1-1-6-2],[@b25-er-1-1-6-2]\]. Homocysteine's neurotoxic effects likely result either from the generation of reactive oxygen species due to its auto-oxidation \[[@b26-er-1-1-6-2]\] or as a consequence of NMDA receptor activation \[[@b6-er-1-1-6-2]\]. Increased homocysteine levels in cell nuclei may induce DNA strand breaks by disturbing the DNA methylation cycle \[[@b27-er-1-1-6-2]\]. Hyperhomocysteinemia induces alterations in apoptosis-related proteins and oxidative processes in neural tissue, and chronic hyperhomocysteinemia induces apoptotic processes in the hippocampus via a mitochondria-mediated pathway \[[@b11-er-1-1-6-2]\]. Homocysteine-induced neurotoxicity results in DNA damage and altered DNA repair, due to disturbances in the DNA methylation cycle, glutamate excitotoxicity via stimulation of N-methyl-D-aspartate (NMDA) receptors, endoplasmic reticulum stress, calcium overload, and oxidative stress \[[@b28-er-1-1-6-2],[@b29-er-1-1-6-2]\]. Homocysteine can increase oxidative stress by inhibiting the functioning of key antioxidant enzymes, such as extracellular superoxide dismutase \[[@b30-er-1-1-6-2]\]. Oxidative stress is likely also involved in hyperhomocysteinemia- induced apoptosis in the hippocampus. Increased oxidative stress can lead to nucleic acid, protein, and lipid damage, followed by a variety of secondary processes, such as impaired membrane enzyme activity. A cellular oxidation increase can activate redox-responsive transcription factors, such as nuclear factor-kappa B, which is a critical step in TNF-α gene expression \[[@b31-er-1-1-6-2]\]. TNF-α is a multifactorial cytokine, mainly involved in inflammatory and other immune reactions. TNF-α, together with other proinflammatory cytokines, may play a role in the development of CNS injury. TNF-α plays a central role in the development of the acute-phase processes that occur in brain infarctions, as well as during CNS injury, participating in and modulating a complex neuroinflammatory network characterized by opposing neurotoxic and neuroprotective properties \[[@b32-er-1-1-6-2]\]. Bogdanski *et al.* \[[@b33-er-1-1-6-2]\] reported a strong positive correlation between homocysteine and TNF-α. In our study, we showed that TNF-α expression increased in all regions of the hippocampus after homocysteine administration. These results indicate high homocysteine levels contribute to the inflammatory process in hippocampal nerve cells.

Homocysteine accumulates in certain brain structures, including the hippocampus, cerebellum, striatum, and subventricular zone. Blaise *et al.* \[[@b34-er-1-1-6-2]\] reported that homocysteine distribution in the brain was not uniform but, rather, was concentrated in specific regions, including the cerebellum's granular cell layer, the hippocampus's CA1 pyramidal layer, the caudate-putamen, and the subventricular zone lining the lateral ventricle. Chung *et al.* \[[@b35-er-1-1-6-2]\] reported high amounts of homocysteine in the hippocampal CA1 layer and in cerebellar nuclei. Researchers have observed homocysteine accumulation in both neuronal cells and astrocytes of rat brains \[[@b34-er-1-1-6-2]\].

Langmeier *et al.* \[[@b36-er-1-1-6-2]\] reported homocysteic acid induced serious alterations in the hippocampi of immature rats, which most likely reflects both homocysteic acid's direct neurotoxic effects and prolonged seizure activity. Their study found extensive damage, with features of both necrotic and apoptotic death, in CA1 and CA3 pyramidal cells and the dentate gyrus's granular cell layer \[[@b36-er-1-1-6-2]\]. Langmeier *et al.* \[[@b36-er-1-1-6-2]\] also reported seizure activity caused the damage to the dentate granular cells, whereas, apparently, seizures and homocysteic acid's direct toxic action both caused pyramidal cell death \[[@b36-er-1-1-6-2]\]. Mattson and Shea found cells containing homocysteine in the hippocampi of folate deficient rats were apoptotic, consistent with the observation of increased p53 expression, which is one of the major routes by which homocysteine promotes apoptotic cell death \[[@b28-er-1-1-6-2]\]. Another study found immunological labeling of apoptotic cells revealed a substantially greater number of cells undergoing apoptosis in the CA1 hippocampal layer of rats on a vitamin B-deficient diet, as compared with controls \[[@b34-er-1-1-6-2]\].

We did not observe apoptosis in the hippocampus after acute homocysteine administration. This may indicate apoptosis does not occur in the hippocampus less than 2 hours after homocysteine administration.

Vitamin C is an exogenous antioxidant and can alter seizure-induced oxidative stress and neuronal damage \[[@b20-er-1-1-6-2]\]. Vitamin C exerts potent anticonvulsant and neuroprotective effects \[[@b19-er-1-1-6-2]\] and protects against the neurotoxic effects of glutamic acid and NMDA by interacting with the NMDA receptor \[[@b37-er-1-1-6-2]\]. Pretreatment with vitamin E and C prevents homocysteine-induced oxidative stress by reducing the total radical-trapping antioxidant potential and increasing the activity of sodium-potassium adenosine triphosphatase and catalase \[[@b38-er-1-1-6-2]\]. Santos *et al.* \[[@b20-er-1-1-6-2]\] reported vitamin C not only significantly increased catalase activity, indicative of a possible antioxidant effect, but also decreased lipid peroxidation levels. The vitamin C-induced increase in catalase activity produced neuronal protection and also decreased lipid peroxidation, the main factor responsible for neuronal damage after seizures and pilocarpine-induced status epilepticus \[[@b20-er-1-1-6-2]\].

In summary, acute homocysteine administration caused various behavioral responses and seizures in rats and induced increased expression of TNF-α in all hippocampal regions. Vitamin C pretreatment significantly reduced TNF-α expression in the hippocampus's CA1 region. These results suggest the proinflammatory cytokine TNF-α may mediate high homocysteine levels' contribution to the inflammatory process. Vitamin C provided some protection against the inflammatory reaction in the CA1 region of the rat hippocampus.

![Immunohistochemistry for TNF-α. (A, B) At 2 hours after homocysteine administration, strong TNF-α expression occurs in whole regions of the hippocampus in a saline-pretreated homocysteine-administered rat. (C, D) Strong TNF-α expression appears in whole regions of the hippocampus in a vitamin C-pretreated homocysteine-administered rat. (E, F) In the hippocampus of a control rat, no significant TNF-α expression occurs (A, C, & E × 40; B, D, & F × 400).](er-1-1-6-2f1){#f1-er-1-1-6-2}

![TUNEL histochemistry. (A, B) At 2 hours after homocysteine administration, no apoptosis appears in any whole regions of the hippocampus in a saline-pretreated homocysteine-administered rat. (C, D) In a control rat, no apoptosis appears in any whole regions of the hippocampus. (A & C × 40; B & D × 400)](er-1-1-6-2f2){#f2-er-1-1-6-2}

###### 

Comparison of TNF-α expression in various rat hippocampal regions between the saline-pretreated homocysteine group (Group SH) and the vitamin C-pretreated homocysteine group (Group VCH)

  Hippocampus   Group SH     Group VCH    *p*-value
  ------------- ------------ ------------ -----------
  CA1           92.9 ± 2.9   87.5 ± 3.4   \< 0.001
  CA2           89.6 ± 9.1   90.4 ± 1.5   0.387
  CA3           85.6 ± 6.1   87.2 ± 6.3   0.057
  CA4           93.8 ± 2.1   90.4 ± 4.0   0.497

TNF-α, tumor necrosis factor-alpha; CA, cornu ammoni.
